Semi-geostrophic dynamics of jets are studied using a potential vorticity front in an equivalent barotropic model. Meandering processes of the front are examined in the thin-jet limit on a β-plane by a curvilinear coordinate system. For calculated along-front velocity fields, asymmetrical profiles are caused by meandering. This asymmetry of the velocity profile is enhanced as the Rossby number becomes large. Using the along-front velocity fields, the normal velocity of front is expressed so that the Rossby number is explicitly included. This expression can be rewritten in the form of the mKdV equation.
order of shear for this current is 10 -5 s -1 , the value of the Rossby number is estimated to be 0.8.
To investigate effects of the Rossby number on these jets, theories should be extended to non-quasigeostrophic dynamics. Flierl and Robinson (1984) have developed a thin-jet theory without the quasigeostrophic approximation to describe the time-dependent meandering of a Boussinesq, β-plane jet. Further, they applied their theory to linearized small meanders. Though meander dynamics were generally discussed in the theory, they did not establish explicit dependence of the Rossby number representing deviation from quasigeostrophic dynamics.
The purpose of the present study is to elucidate dependence of the Rossby number on semigeostrophic dynamics of a potential vorticity front. The asymptotic perturbation method is applied to a single front in an equivalent barotropic model. Meander dynamics of the vorticity front are examined using the thin-jet limit on a curvilinear coordinate system. A normal velocity of the front depending on the Rossby number explicitly is established and the mKdV equation is derived using this expression. The similar theoretical studies, but from a different point of view, have been made by Cushman-Roisin et al. (1993) and Nycander et al. (1993) .
Formulation
An equivalent barotropic model on a β-plane is employed to consider upper ocean away from lateral boundaries and without bottom influence. 
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Here u and v are the velocity components, respectively, in the x (eastward) and y (northward) directions, h is the interfacial depth and g′ is the reduced gravity acceleration constant. The Coriolis parameter is given by f = f 0 + βy, where f 0 is the reference Coriolis parameter and β is the beta parameter. In addition to these basic equations, potential vorticity is defined by
In the present study, a single front is assumed to separate two regions of uniform potential vorticities P + and P -. A curvilinear coordinate system is introduced into the model Nozaki, 1992, 1993) . Then, a point in the Cartesian coordinates (x, y) is represented by the arclength s along the front curve and the distance n from the front curve. Let R(s, t) be the position vector of the front curve, and T(s, t) and N(s, t) be the tangential unit vector and the normal unit vector to the front curve. If x and y components of these vectors in the Cartesian coordinates are denoted by subscripts x and y, then
This coordinate system is time-dependent since the coordinate axis is fixed to the potential vorticity front moving with time. Figure 1 shows the present coordinate system with the potential vorticity front. In the appendix A, time and along-front derivatives are given for the vector R(s, t), T(s, t) and N(s, t). Using this coordinate system, the basic equations in equivalent barotropic model can be written in the form Fig. 1 . Coordinate system (s, n) moving with a discontinuous potential vorticity front, where s is the arclength coordinate along the front and n is the distance coordinate from the front. Vectors T and N are the tangential and the normal vector to the front, respectively.
where v n and v s are s and n components of the velocity field, respectively, κ is curvature of the front curve, A 0 , C are the tangential and normal velocities of the coordinate system to the front and J is the Jacobian of the coordinate transform. The potential vorticity front is flowed with the velocity (A 0 , C). Detailed definitions of κ, A 0 and C are given in the appendix A.
To generate a dynamical model for a thin jet, these basic equations are expanded in a perturbation parameter. On the basis of the assumption in thin-jet theories, the perturbation parameter λ can be chosen to be the ratio of the Rossby radius L R to a meander scale of the jet. Using this parameter λ, the following transformation is assumed:
All new variables defined here are zeroth-order of the perturbation parameter λ. The perturbation expansions are then represented by
Here, the expansions (14) and (20) of v n and C begin with the second-order term of λ for the consistent perturbation expansion (Flierl and Robinson, 1984) . The order of the position vector R(s, t) is estimated from Eq. (A.1) in the appendix A, using the fact that the unit vector T(s, t) is zeroth-order. In addition, the order of curvature κ is estimated from Eq. (A.2) and the order of the tangential velocity A 0 of the front is estimated from Eq. (A.4) in the appendix A. If these expansions (14)- (20) are substituted into (7)- (10), the zeroth-order equations of λ are
Though the zeroth-order momentum equation (21) represents a geostrophic valance, the potential vorticity equation (22) deviates from the quasigeostrophic approximation. These zeroth-order equations (21) and (22) give the explicit expressions of v s (0) and h (0) . For n < 0,
In the present definition, the Rossby number R o has values ranging from -1 to 1. On the basis of these zeroth-order equations, the first-order equations in the expansions are given by
The substitutions of Eqs. (23) and (25) into the first-order equations (28) and (29) yield the explicit expressions of v s (1) and h (1) . The expressions are shown in the appendix B. The leading order expression for the normal velocity of the front C (2) is obtained by the second-order equations in the expansions. The second-order momentum equation along the front is
From Eq. (11), the second-order momentum equation (30) for n = 0 is
If the explicit expressions shown in the appendix B for v s (1) and h (1) are substituted into Eq. (31), the normal velocity C (2) is given by
In the quasigeostrophic limit R o = 0, this expression agrees with the equation derived by Pratt and Stern (1986) and Pratt (1988) . Equation (32) has stationary solutions if the zeroth-order current flows from the west to the east. If C (2) = 0 in the Eq. (32), the stationary solutions can be given by
When amplitude of meanders is small, a solution of Eq. (33) is expressed by the plane wave of sinkx, where the wavenumber k is given by (Pratt, 1988) . Hence, the wavelength defined by L c = 2π/k is called the critical wavelength. In addition, the present equation (32) 
The mKdV equation derived here has the soliton solution and the envelope-soliton (breather) solution (Cushman-Roisin et al., 1993; Nycander et al., 1993) . The soliton solution, however, is unphysical, since the front given by the solution forms the intersecting loop. The total change in the angle θ of the front is found to be 2π by integration of κ in the soliton solution from s = -∞ to ∞. Here, the angle θ is defined by tan -1 (T x /T y ). On the other hand, the envelopesoliton solution is physical since the total change in the angle θ of the front is zero. This solution is not stationary but recurrent, since the envelope and wave travel at different speeds.
Results and Discussion
Before description of Rossby number dependence on the solutions obtained in Section 2, expressions in the quasigeostrophic approximation are derived to compare with nonquasigeostrophic dynamics. If ∆h is defined by h (0) -D and ∆P ± by P ± -f 0 /D, values of ∆h and ∆P ± are assumed to be so small that the cross-term ∆h∆P ± is neglected in the quasigeostrophic approximation. Then, the right-hand side of (22) is approximated by
From the approximation (39), the zeroth-order velocity in the quasigeostrophic approximation is obtained by
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On the basis of the quasigeostrophic expression, Fig. 2 shows along-front velocity fields in the straight section (v s (0) ) and the meander section (v s (0) + λv s (1) ) for (A) R o = 0.0 and (B) 0.5. Here, more than third order of λ are neglected. The velocity fields are scaled by the maximum zeroorder velocity U g estimated using the quasigeostrophic approximation and the cross-stream distance n is scaled by l = l + + l -. The employed parameters are λκ (1) = 0.01 km -1 , l = 100 km, λ -1 R y (-1) = 100 km, f 0 = 9.4 × 10 -5 s -1 and β = 1.7 × 10 -13 cm -1 s -1 . Figure 2 (A) demonstrates effects of meandering on the along-front velocity field in the quasigeostrophic approximation. The first-order velocity v s
(1) expressing the meandering effects, is positive on the right side of the front (n > 0) and negative on the left side (n < 0). This difference between both sides is interpreted in terms of conservation of potential vorticity along the front. If the share of the first-order velocity, ∂v s (1) /∂n is neglected in the potential vorticity equation (29), the first-order depth h (1) is proportional to -κ (1) v s (0) . Then, the geostrophic first-order velocity g′f 0 -1 ∂h (1) /∂n is proportional to -κ (1) ∂v s (0) /∂n. When κ (1) > 0, therefore, the first-order velocity v s (1) is positive for negative share (∂v s (0) /∂n < 0), negative for positive share (∂v s (0) /∂n > 0). Figure 2 (B) demonstrates deviation from quasigeostrophic approximation on the zerothorder velocity field v s (0) . The zero-order velocity v s (0) for R o = 0.5 has an asymmetrical profile with respect to the front, though the zero-order velocity profile for R o = 0.0 is exactly symmetrical in Fig. 2(A) . In the quasigeostrophic approximation (39), the length scales of cross-stream distance n are the same Rossby radius L R of deformation on both sides of the front. On the other hand, for a large value of R o , the scale length of cross-stream distance changes across the front, since the length is given by the coefficient of h (1) in (29).
Further, Fig. 2 (B) also demonstrates that deviation from quasigeostrophic approximation on the first-order velocity v s
(1) depend on distance from the front. On the front (n = 0), the value of the first-order velocity v s
(1) for R o = 0.5 is negative, while the value for R o = 0.0 is zero. When distance n from the front becomes large, the first-order velocity v s
(1) for R o = 0.5 has a large positive value compared to the value for R o = 0.0. This is attributed to ageostrophic terms (R o /6)κUexp(ϯn/l ± ) and -(R o /3)κUexp(ϯ2n/l ± ) in Eq. (A.10). On the front, the absolute value of the first term is smaller than that of the second term, and then the sum is negative. At a distance from the front, the sum of the two terms is positive since the second term decreases more rapidly with distance from the front than the first term. These two terms expressing the non-quasigeostrophic effects on v s
(1) , are caused by the central force in (28), which is only one ageostrophic term in first-order equations. Figure 3 shows the dependence of the Rossby number R o on the normal velocity C (2) of the front when β is zero. Here, C (2) is scaled by the quasigeostrophic frontal velocity C g = (∂κ (1) / 2∂η)U g L R 2 . The explicit expression is given by
This expression indicates the Rossby number dependence of the mKdV equation (37). The ratio of C (2) to C g increases with the Rossby number R o in Fig. 3 . The simple increase in C (2) /C g with R o is caused by the momentum advection term v s (0) ∂v s (1) /∂η in the second-order momentum equation (31). Since ∂v s
(1) /∂η is negative on the front for non-zero values of R o because of the central force, Fig. 2 . Calculated along-jet velocity profiles in the straight section (v s (0) ) and the meander section (v s (0) + λv s (1) ) for R o = 0.0 (A) and 0.5 (B). They are scaled by the maximum zero-order velocity U g estimated using the quasigeostrophic approximation and the cross-stream distance n is scaled by l = l + + l -. The employed parameters are λκ (1) = 0.01 km -1 , l = 100 km, λ -1 R y (-1) = 100 km, f 0 = 9.4 × 10 -5 s -1 and β = 1.7 × 10 -13 cm -1 s -1 .
the front velocity C (2) has a larger value than that for R o = 0. Figure 4 shows the dependence of the Rossby number on the critical wavelength L c , which is scaled by the quasigeostrophic critical wavelength L cg = 2π(U g /2 β ) 1/2 . The explicit expression is given by
( )
The ratio L c /L cg decreases with the Rossby number, since the beta effect in Eq. (32) increases more rapidly with the Rossby number than the vortex-induction effect. When the Rossby number becomes unity and the value of U g is kept constant, the critical wavelength is zero since the maximum value U of the zero-order velocity is zero from (41). The present model is appropriate for studies on dependence of the Rossby number on meander dynamics. The equivalent-barotropic model is easy to treat and gives results which offer clear physical insights (e.g., Yasuda, 1991 Yasuda, , 1993 . The potential vorticity front model in the thinjet theory has also advantage of expressing dependence of the Rossby number by a simple function. In addition, Eq. (32) or (37) obtained by these models has analytical solutions, which have been investigated extensively by Pratt (1988) . The present model is restricted, however, to long wave dynamics of the jet in which the current is vertically coherent. The obtained solitary-wave solution cannot describe the dynamics of meanders with scales shorter than the Rossby radius of deformation. Furthermore, the present model is not sufficient to investigate complicated phenomena such as detachment of eddies from meanders. In eddy detachment, the baroclinic instability has found to play an essential role by a study of Meacham (1991) . For these reasons, the present model cannot forecast the detailed behavior of jets on actual oceans. Nevertheless, the results obtained by the model have provided some insights into semi-geostrophic dynamics of jets.
where A 0 and C are the tangential and normal velocities of the front, and ω is the rotation frequency of the local coordinate system. Then, a condition of continuity ∂ 2 R(s, t)/∂t∂s = ∂ 2 R(s, t)/ ∂s∂t yields 
∂A

